Resting-state functional connectivity (FC) fMRI (rs-fcMRI) offers an appealing approach to mapping the brain's intrinsic functional organization. Blood oxygen level dependent (BOLD) and arterial spin labeling (ASL) are the two main rs-fcMRI approaches to assess alterations in brain networks associated with individual differences, behaviour and psychopathology. While the BOLD signal is stronger with a higher temporal resolution, ASL provides quantitative, direct measures of the physiology and metabolism of specific networks. This study systematically 
INTRODUCTION
Since the seminal work by Biswal et al. in 1995 (Biswal et al., 1995 , the study of resting brain networks (RBN) based on functional connectivity (FC) in resting state fMRI (rs-fcMRI) has experienced an upsurge from basic to clinical neuroscience. The majority of rs-fcMRI studies have used blood oxygen level dependent (BOLD) contrast due to its technical simplicity, high sensitivity and temporal resolution.
Recently, a growing number of rs-fcMRI studies have employed arterial spin labeled Given the complementary nature of BOLD and perfusion rs-fcMRI -higher sampling rate/temporal resolution in BOLD and absolute CBF quantification in ASL, the combination of the two contrasts may offer a powerful tool for rs-fcMRI studies to fully characterize the spatiotemporal and quantitative properties of RBNs. The primary purpose of this study was to present a framework for independent and joint FC analyses of BOLD and perfusion based rs-fcMRI data to identify common and modality specific RBNs, using rigorous statistical approaches. For future applications of BOLD and perfusion-based functional connectivity analyses in clinical studies, it is critical to establish the reliability of RBNs across time (Meindl et 
MATERIALS and METHODS

Participants and data acquisition
Ten healthy volunteers (6f / 4m; Age [mean ± std] = 22 ± 3 years) underwent repeated MRI scans on two 3T Siemens TIM Trio MR systems using the standard 12-channel head coils and identical pulse sequences. A 2x2x2 factorial design was employed, i.e., 2 repeated scans on 2 scanners using 2 modalities (ASL and BOLD).
On the first day they participated in two sessions approximately one hour apart on one of the two scanners, and on the second day (2.1 ± 1.3 days apart) the protocol was repeated on the other scanner (scanner order was counterbalanced across participants BOLD images were first slice-time and motion corrected followed by coregistration, normalization and spatial smoothing identical to the CBF images. Anatomical images were normalized into standard MNI space and segmented into gray matter, white matter and cerebrospinal fluid (GM/WM/CSF) using the algorithms provided by SPM8. The individual GM images were averaged and thresholded at 0.3, providing a binary mask representing gray matter voxels only (GM mask).
Network decomposition using ICA
Networks were identified by means of the Group ICA of fMRI Toolbox (GIFT) using a concatenated group level ICA approach (Calhoun et al., 2001; Calhoun et al., 2004) .
First, separate group ICAs for BOLD and ASL data were performed. The individual time series were zero-meaned and the GM mask was applied for the ICA infomax algorithm (Bell and Sejnowski, 1995 and BOLD as it is computed across all datasets. The back-regressed individual subject and session IC-maps were then used to generate modality specific ASL and BOLD RBNs using one-sample t-tests against zero (significance set at p<0.001).
While the t-maps were used for displaying the networks, the z-scores representing the ICA group components were used to generate RBN-masks that were used in the analyses below.
Statistics
Spatial similarity and overlap of BOLD and ASL based RBNs were assessed by Dice Similarity Coefficients (DSC), while test-retest repeatability of ASL and BOLD based RBNs was estimated using Intraclass Correlation Coefficients (ICCs). Statistical analyses were performed on the network as well as on a voxel-wise level. Repeatedmeasures ANOVAs and post-hoc t-tests were computed to identify differences between modalities, scanners and sessions, as well as possible interaction effects. A schematic overview of analyses is given in Figure 1 .
Statistical maps were corrected for multiple comparisons (type I errors) using AlphaSim (Ward, 2000) . This procedure estimates the distribution of random cluster sizes given a statistical map and threshold taking into consideration the spatial smoothness of the data (Bennett et al., 2009; Forman et al., 1995) .
Accordingly, it provides the minimal cluster size required for clusters to be at a level above random clustering at a chosen correction level. We performed 1000 iterations and selected the correction level at alpha < 0.05. 
where, A and B represent sets of voxels within two given RBNs (thresholded at z>2) and the parallel brackets denote the number of voxels in the set within the brackets.
o Network based CBF Mean network perfusion was defined as the spatially and temporally averaged CBF values across all voxels within the group RBN map where z>2, here dubbed as RBNCBF. The resulting four RBNCBF metrics (one for each of the four ASL scans) per subject were subjected to a 2x2 repeated measures ANOVA with within-subject factors of site (1; 2) and session (1; 2) to test for the consistency of CBF quantification for each network respectively.
o Network Amplitudes of Low Frequency Fluctuations (ALFF)
In addition to RBN-CBF we also computed the Amplitudes of Low Frequency
Fluctuations (ALFF) (Zang et al. 2007 ), which provides a measure of regional spontaneous activity fluctuations. Using dynamic CBF to compute ALFFs instead of relative BOLD signal fluctuations, the ALFFs have a direct physiological meaning and a quantitative unit (i.e. ml/100g/min). Accordingly we computed the CBF-ALFF for each session in each subject respectively, and extracted the corresponding mean ALFF in each network. ALFF differences across networks and subjects were then tested using an ANOVA. Additionally, we normalized the ALFF values with regard to subjects' specific RBN-CBF (adjusted for globalGM-CBF) providing a %ALFF for each subject with respect to their baseline RBN-CBF values (Chuang et al. 2008 ). These %ALFF measurements were also subjected to an ANOVA.
• where MSw and MSb are the within-and between-subject errors respectively, MSe is the mean residual error and n is sample size.
Voxel-wise maps of ICC for either FC or CBF were computed for within-site • ANOVA o Voxel-wise maps for FC
As separate ICAs can result in unequal decompositions of networks as outlined in
Methods, the statistical comparison of RBNs was performed using single-subject maps resulting from the joint ICA. This assured that different model orders, component unmixing, network splitting/merging or component matching across ICA runs does not bias possible network differences.
We performed voxel-wise 2x2x2 repeated measures ANOVAs on the single subject z-maps with within-subject factors of modality (BOLD; CBF), site (1; 2) and session (1; 2) for each RBN. Statistical thresholds for main and interaction effects were set at p<0.01 (F (1,9) = 10.56). Maps with significant effects were further subjected to two-sample two-sided post-hoc t-tests (significance level p<0.001).
•
Correlation between RBNCBF and network z-scores
To assess the potential relationships between individual network connectivity and baseline network perfusion, we computed the voxel-wise Pearson correlation between the RBNs z-scores and the respective regional (voxel-level) CBF from the same scan session. In addition, we compared the network connectivities between the two modalities by correlating the average z-scores of all joint BOLD-RBNs (10 subjects across 4 sessions) to those of the corresponding ASL-RBNs. Using ICA as compared to Seed Based Approaches (SBA) where a direct correlation between any two specified brain areas is computed and considered as FC strength, the FC strength used here (ICA z-scores) represents the degree to which a given voxel is integrated within a given network component, i.e. its relative connectivity strength to all other voxels in the specific network. To provide an estimate of how prevalent an CBF-FC relation is within each RBN, we also computed the percentage of voxels with significant correlations above r>0.4 within each RBN as compared to the total number of voxels within this RBN (threshold z>2).
RESULTS
Common RBNs in BOLD and ASL rs-fMRI
The Table 2) . Voxel-wise display of ICC maps showed reliable test-retest repeatability between sessions and scanners (ICC>0.6, threshold in Figures 2 & 3) for all networks within their core areas (Table   3a) .
Analysis of quantitative CBF within RBNs
Quantitative CBF values were obtained within masks of the gray matter Table 2 bottom right).
Analysis of CBF based ALFF
The ALFF analysis ( Figure 5A ) revealed significant differences across networks Figure S4 ):
• The DMN showed higher FC for BOLD in the posterior areas (Precuneus and bilateral angular gyrus) but higher FC in orbital-medial frontal cortex in ASL.
• The two ECNs displayed higher FC in BOLD within network areas on the respective hemisphere (inferior and superior frontal gyri as well as temporal gyrus), but increased FC on the contralateral homotopic areas in ASL.
• The AUN showed a difference in areas of the DMN (Precuneus and medial frontal gyrus) where ASL showed higher FC.
• The OVN showed significantly stronger FC for BOLD in the primary visual cortex.
The coordinates and cluster sizes of detected significant FC differences are reported in Table 4 .
Relationship between regional CBF and FC (z-scores)
Correlation between the network average z-scores for BOLD and ASL RBNs revealed a significant correlation (r=0.2; p<0.005). The voxel-wise correlations between RBN z-scores and the corresponding regional CBF of the same sessions resulted in significant correlations within the network specific nodes of each RBN from separate as well as joint ICA for both ASL and BOLD modalities (r>0.4; p<0.05) (Figures 2, 3 & S5) . It is worth noting the correlation between regional CBF and FC was more pronounced in ASL than in BOLD RBNs, and specifically the correlation was more prevalent within the DMN, OVN and LECN (Table 3b) . To make a note of caution, functional connectivity analyses present a coarse measure of brain organization while the true organization of brain networks is still unknown. Moreover, since BOLD and ASL measure different contrasts of neurovascular coupling but are physiologically related and reflect hemodynamic fluctuations, it is reasonable to assume that they share common RBNs. It is likely that both resting state BOLD and ASL data will be acquired in future neuroimaging studies. The proposed joint ICA may offer an appealing approach to identify more reliable findings in terms of network connectivity, since the findings need to be replicated in both BOLD and ASL data, compared to performing ICA on each modality separately.
Reliable network-specific CBF quantification
While the spatial pattern of RBNs appears more reliable using BOLD, ASL provides network specific CBF measurements, a physiologically meaningful parameter inaccessible by BOLD. We found that both global and network CBF can be reliably assessed between sessions and scanners (modal ICCs above 0.9). This high modal ICC might be due to the fact that global CBF differences contribute to a large interindividual variance compared to intra-subject variance thus increasing voxel-level
ICCs. This finding has implications for rs-fcMRI studies in clinical populations. For the AUN it is argued that it is not completely at rest since there is continuous sound as a consequence of scanning. CBF is proposed as a close marker for metabolic activity as it is normally coupled with glucose uptake of neuronal populations during activity (Fox et al., 1988) and further highly correlates with baseline GABA concentrations and thus indicates changes in excitatory (glutamatergic) and inhibitory (GABA-ergic) neurotransmitters fundamental to the regulation of neuronal firing rates (Donahue et al., 2010) (for review see (Raichle, 1998) ). To sum, these findings suggest that network specific CBF may represent the metabolic activity of the associated network that is inaccessible by BOLD rs-fcMRI.
Since the repeatability of both BOLD RBNs and network specific ASL CBF were high, 
Study Limitations and further development of ASL rs-fcMRI
Besides considerable overlap between ASL and BOLD RBNs, there are significant differences in their spatial patterns in specific areas of the RBNs. These differences primarily arise from the imaging modality rather than effects of different scanners or sessions. There are several potential causes underlying the overall lower connectivity strength in ASL and its lower reliability. First, although recordings had the same duration (i.e. 8 min) ASL had only one fourth of the image volumes of the BOLD scan. This is due to the requirement of ASL for labeling of the inflowing blood, a post-labeling delay to account for arterial transit times and the fact that always a control and a label image have to be acquired in order to quantify CBF. Secondly, ASL has lower SNR compared to BOLD (Aguirre et al., 2002) which hampers FC analysis using ICA or cross-correlation. To explore if the lower FC in ASL was due to reduced temporal resolution or SNR we explored the effects of both possible causes.
We subdivided (chopped) the BOLD timeseries to match the temporal resolution of ASL by taking every fourth volume of the BOLD run (see Supplemental Material).
Performing ICA and subsequent analyses on the chopped BOLD datasets, we found only minor reductions in modal ICCs (Table 2) and DSCs (Table S1 ). These results confirm earlier studies demonstrating that temporal resolution has minor effects on FC analysis and that rather the total scan time (which was the same for all datasets in the present study) is a critical factor affecting FC reliability ( Table4: Summary table of two-sample t-test between single subject RBN maps from BOLD and ASL respectively. Anatomical label, peak voxels of clusters, cluster sizes and t-value at peak voxels are listed. 
